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We present a theoretical approach to use ferro- or ferrimagnetic nanoparticles as microwave nano-
magnonic cavities to concentrate microwave magnetic fields into deeply subwavelength volumes
∼ 10−13 mm3. We show that the field in such nanocavities can efficiently couple to isolated spin
emitters (spin qubits) positioned close to the nanoparticle surface reaching the single magnon-spin
strong-coupling regime and mediate efficient long-range quantum state transfer between isolated
spin emitters. Nanomagnonic cavities thus pave the way towards magnon-based quantum networks
and magnon-mediated quantum gates.
The study of magnonics, or collective microwave ex-
citations of electronic spins in ferromagnetic and
ferrimagnetic materials, has been spurred by ad-
vances in superconductor-based quantum systems
that have enabled efficient high-fidelity control of
quantum states of light and matter [1]. Recent ad-
vances have revealed strong coupling between a
microwave cavity photon and magnons of a mag-
netic (nano)particle [2–4]. Interactions of localized
magnons among themselves [5] and with microwave
cavities [6, 7] could be used to engineer nonrecip-
rocal cavity responses [7] or induce cavity-mediated
coupling of magnons to superconducting qubits [8],
enabling, for instance, single-shot single-magnon de-
tection [9]. Magnons can also be coherently manip-
ulated and feature strong nonlinearities [10], which
makes them attractive for applications in quantum
technologies.
Coupling magnons to magnetic emitters [11–13]
is a natural, yet largely unexplored step towards
magnon-mediated efficient manipulation of spin-
qubit states with applications in sensing [14] and
quantum information science, for instance, in the
field of quantum-state transduction [15–17] or de-
sign of long-range quantum interconnects [18]. In
particular, isolated spins of atoms, molecules [19],
nuclear-spin or optically active defects in solids [20–
25] such as the diamond nitrogen-vacancy defect
or the silicon-vacancy defect, have become a ro-
bust qubit platform maintaining coherence of quan-
tum states for times exceeding seconds [26]. Defect-
based quantum engineering furthermore relies on
interfacing the defects with optical, mechanical or
microwave excitations that allow for manipulation
of defect states and integration of defect qubits in
quantum networks. Coupling to the fine-structure
states of solid-state defects is a challenge that re-
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quires the use of spin and orbitally mediated interac-
tions of the defect with its environment [18, 27–36].
We present a scheme using magnetic nanoparticles
that sustain antenna-like magnon resonances [37–
40] as nanomagnonic cavities for microwave mag-
netic fields. These operate in analogy with opti-
cal or infrared metallic nanoantennas [41–43] stud-
ied in the field of plasmonics [44] that can be used
to concentrate optical or infrared electric fields, or
silicon nanoparticles able to concentrate magnetic
fields in the near-infrared range of the electromag-
netic spectrum [45, 46]. Here, we show that nano-
magnonic cavities can modify the local magnetic
environment of spin emitters in the microwave do-
main, facilitate the magnetic drive of spin transi-
tions, and allow for strong coupling of these emitters
with single magnons in the single-magnon regime.
This is possible because these nanomagnonic cavi-
ties can concentrate GHz magnetic fields to deeply
subwavelength mode volumes down to ∼ 10−13 mm3
(compared to ∼ 1 mm3 achievable in transmission-
line-based microwave cavities) and thus enhance
the coupling to spin emitters, reaching coupling
strengths exceeding intrinsic losses and decoherence
of both systems. This single magnon-spin strong cou-
pling regime potentially enables applications includ-
ing optical single-magnon sensing, magnon-mediated
quantum state transduction to spin qubits, or en-
gineering of magnon-mediated nonreciprocal defect-
spin networks.
In the low frequency limit, magnonic responses
of ferromagnetic and ferrimagnetic materials can
be understood within the macroscopic magnetic re-
sponse theory [47, 48]. In particular, we assume that
the magnetic intensity H is related to the mag-
netic induction B via the linear magnetic response
B = µ0[I+χ(ω)] ·H, where µ0 is the vacuum perme-
ability, I is the identity tensor, and the magnetic sus-
ceptibility tensor χ(ω) is defined by M = χ(ω) ·H.
The magnetic response to external fields can be
obtained from the Landau-Lifschitz-Gilbert (LLG)
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FIG. 1. Magnon modes of a sphere interacting with a de-
fect spin transition. (a) A spin emitter is placed at a dis-
tance a from the center of a YIG sphere of radius R. The
sphere is homogeneously magnetized along z to a saturation
magnetization Ms. Homogeneous external magnetic field
He is applied along z. (b) Magnon spectral density J(ω)
for a = 1.2R, R = 50 nm as a function of the magnetic
field H0. For presentation purposes we consider spherical
multipoles up to nmax = 7, Γ = 10/(2pi) MHz, and use a
nonlinear color scale. The dipolar Kittel mode (ω/ωK = 1)
is spectrally surrounded by a large number of higher-order
modes whose spectral position relative to ωK varies as a
function of H0.
equation [37]
χxx = χyy =
γ2H0Ms
γ2H20 − ω2 − iΓω
≡ χ, (1)
χxy = χ
∗
yx = i
γωH0Ms
γ2H20 − ω2 − iΓω
≡ iκ. (2)
Here γ is the gyromagnetic ratio γ/(2pi) ≈
28 GHz · T−1 which we have defined as a positive
quantity even for negatively charged electrons. Γ is
a phenomenological damping parameter related to
the Gilbert parameter α as Γ ≈ 2αγH0, and H0 =
H0ez = He +Hd (with ez being the z-polarized unit
vector), where He is the external static field and
Hd is a demagnetization field associated with the
shape of the magnetic particle and the particle sat-
uration magnetization Ms = Msez. For a homoge-
neously magnetized spherical particle Hd = −Ms/3
[38, 39].
To describe the magnetic response of magnetic
nanoparticles we invoke the Poisson equation:
∇ · [I+ χ(ω)] · ∇φ(ω) = 0, (3)
where the magnetic scalar potential φ is linked with
the quasi-static magnetic field by H(ω) = −∇φ(ω).
The spatial dependence of χ(ω) defines the shape
of the magnetic nanoparticle. As a concrete exam-
ple we consider in the following a magnetic ma-
terial described by a saturation magnetization of
µ0Ms = 0.178 T. This closely corresponds to the
value observed experimentally in yttrium-iron gar-
net (YIG) [49], which is a widely studied ferrimag-
netic oxide (ferrite) sustaining long-lived magnonic
oscillations (lifetime > 1 µs [50]).
The spin defect is described as a point magnetic
emitter of magnetic dipole moment mˆ = −µBσˆ,
where σˆ is the Pauli vector and µB is the Bohr mag-
neton. The spin emitter is coupled to the magnon
magnetic field by the interaction Hamiltonian Hi =
−µ0Hˆ · mˆ where Hˆ is the magnetic-field operator.
We note that the spin transition is associated with a
circularly polarized transition magnetic dipole mo-
ment as we detail in the Supplementary Material.
To study the magnon-spin coupling we place a
spin defect close to the surface of a YIG nanosphere
as shown in Fig. 1. We then calculate the decay
of the excited state of the spin emitter into the
magnon modes of the sphere. We obtain the full non-
Markovian dynamics of the excited state by invok-
ing the Weisskopf-Wigner approach leading to the
integro-differential equation for the excited-state co-
efficient ce of the spin emitter (|ce|2 is the excited-
state population):
˙˜ce = −
∫ t
0
∫ ∞
−∞
J(ω)ei(ω0−ω)(t−t
′)dωc˜e(t
′) dt′, (4)
with c˜e(t
′)e−iω0t
′
= ce(t
′), and
J(ω) =
µ0|µB|2
~pi
k20(Im {[Gm]xx + [Gm]yy}
+ Re {[Gm]xy − [Gm]yx}), (5)
where Gm(r, r
′) is the magnetic Green’s tensor that
generates magnetic field Hcl(r) = k
2
0Gm(r, r
′) ·mcl
at point r induced by a magnetic point dipole mcl
positioned at r′ and oscillating at frequency ω, and
k0 = ω/c with c being the speed of light. The Green’s
tensor can be finally expanded into magnon modes
represented by solid harmonic functions [38–40, 51].
Details of the derivation of Eq. (4), Eq. (5), and the
magnetic Green’s tensor are shown in the Supple-
mentary Material.
The spectral density J(ω) calculated as a function
of the static magnetic field H0 is shown in Fig. 1(b)
for a = 1.2R and R = 30 nm. The spectral density
features a large number of narrow spectral peaks
whose frequency varies as a function of H0. Each
peak corresponds to a Walker mode of the sphere
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FIG. 2. Magnon modes of a sphere interacting with a de-
fect spin transition. (a) Magnon spectral density J(ω) for
a = 1.2R, R = 30 nm, and µ0H0 = 0.5T. The spectral
peak corresponding to the dipole surface mode is plotted
in red and shown in the inset. Spherical multipoles up to
nmax = 25 have been considered. (b) Dynamics of the spin
excited state |ce|2 as a function of the sphere radius. The
spin transition frequency is tuned to the frequency of the
magnon dipole mode ω0 = ωK. (c) Schematic depiction
of two spin emitters coupled via a magnonic excitation.
(d) The effective magnon-mediated emitter-emitter cou-
pling (blue solid line) as a function of the emitter-emitter
distance 2a compared to the direct dipole-dipole coupling
between the two emitters separated by the same distance
in a vacuum (red dashed line). (e) Dynamics of the popula-
tions of two emitters - emitter 1 (blue solid line) and emit-
ter 2 (red dashed line), coupled dispersively by the dipolar
magnon mode assuming R = 30 nm and a = 36 nm.
[38–40]. The peak at ωK = γµ0 (H0 +Ms/3) is par-
ticularly significant as it corresponds to the Kittel
mode. Due to its dipolar character, this mode can
be efficiently excited by an external microwave mag-
netic field and thus transduce interactions between
the microwave photon and spin defects placed in
the near-field region of the nanoparticle. The Kit-
tel mode carries a homogeneous circularly polar-
ized magnetization in the particle volume M ∝ e(−)
[where e(±) = (ex ± iey)/
√
2 with ex and ey being
the x- and y-oriented unit vectors].
We next calculate the dynamics of the spin emit-
ter whose frequency is tuned to ω0 = ωK and is po-
sitioned at a = 1.2R for µ0H = 0.5 T. We plot the
corresponding spectral density in Fig. 2(a). For these
parameters the dipole peak highlighted in Fig. 2(a)
in red is spectrally separated from other intense
magnon peaks. We calculate the time evolution of
the population of the emitter excited state as a func-
tion of the sphere radius R ranging between 30 nm
and 100 nm and show the result in Fig. 2(b). The
dynamics features Rabi oscillations whose frequency
decreases with the sphere size. These oscillations
are a signature of the strong spin-magnon coupling
regime leading to the coherent exchange of energy
between the emitter and a single magnon excitation
of the dipolar Kittel mode.
To further analyze the spin-magnon coupling we
quantize the magnon field of the Kittel mode using
the canonical prescription [52]:∫∫∫
µ0H˜
∗ · ∂(ω[I+ χ])
∂ω
∣∣∣∣
ωK
· H˜ d3r = ~ωK (6)
and estimate the spin-single-magnon coupling
strength g = −µ0H˜ ·mxy with mxy = −
√
2µBe
(+).
In Eq. (6) the integral is performed over the whole
space and the derivative is evaluated at the res-
onance frequency of the magnon mode ω = ωK.
This expression can be integrated for the Kittel
mode and allows us to approximate the operator
of the magnonic microwave magnetic field as Hˆ =
H˜ b+ H.c., where b is the bosonic annihilation oper-
ator, H˜ = 3V H˜/(4pi)
(
3r⊗ r/r5 − I/r3) · e(−) with
H˜ =
√
~ωK/(µ0Veff), Veff = 3V (Ms + 3H0)/Ms is
the effective magnon mode volume, and ⊗ denotes
tensor product. The mode volume is proportional
to the physical volume of the particle V , and de-
pends on the ratio of the magnetic field H0 to the
saturation magnetization Ms. For a nanosphere of
radius 30 nm (large with respect to the 1 nm3 YIG
unit cell) and µ0H0 = 0.5 T we obtain the mode vol-
ume Veff ≈ 0.3× 10−13 mm3. Assuming a = 1.2R we
finally calculate the associated single magnon-spin
coupling strength g/(2pi) ≈ 1 MHz corresponding to
a Rabi frequency Ω/(2pi) = g/pi ≈ 2 MHz character-
ising the rate of exchange of energy between the
magnon and the spin. This is corroborated by the
revival of the spin population seen in Fig. 2(b) at
time t ≈ 0.5 µs.
We show now that the nanomagnonic cavity can
be used for quantum state transduction between
4distant spin emitters. To avoid intrinsic magnon
losses that hinder the emitter-emitter state-transfer
fidelity, we consider two spin emitters positioned
on opposite sides of the magnetic nanosphere, as
shown in Fig. 2(c), that are detuned from the Kit-
tel mode. The detuning ∆ is larger than coupling g
and damping Γ but much smaller than the detun-
ing from other dominant peaks of the spectral den-
sity. In this dispersive-coupling regime only a single
magnon mode contributes to the dynamics of the
spin emitters and mediates their interaction via a
virtual-magnon transition, thus mitigating the in-
trinsic losses of the magnon. The effective magnon-
mediated emitter-emitter coupling can then be esti-
mated as geff ≈ g2/∆. For comparison, we calculate
geff assuming ∆ = 10g as a function of the emitter-
emitter separation 2a where we increase the sphere
radius and keep a = R + G, with G = 6 nm, and
plot it in Fig. 2(d) (blue solid line) alongside with
the value of the corresponding dipole-dipole coupling
gdip/(2pi) = µ0µ
2
B/[~(2pi)2(2a)3] assuming that the
two emitters are in a vacuum (red dashed line). The
long-range magnon mediated coupling is approxi-
mately three orders of magnitude stronger than the
direct coupling and reaches values of ∼ 100 kHz for
emitter-emitter separation of 72 nm.
Using this single-mode approximation, we calcu-
late the state-transfer dynamics between the two
spin emitters for R = 30 nm and a = 36 nm and show
the result in Fig. 2(d) (details about the model are
provided in the Supplementary Material). We as-
sume that emitter 1 is originally in its excited state
and emitter 2 is initiated in the ground state. The
population of emitter 1 (blue line) and emitter 2
(red dashed line) undergo periodic exchange of their
population (quantum state) with frequency corre-
sponding to the estimated value of geff . These slow
oscillations are modulated by fast dynamics visible
as ripples in Fig. 2(d) that are due to the direct cou-
pling of the emitters to the magnon. This demon-
strates that magnon-mediated spin interactions can
indeed mediate long-range high-fidelity state trans-
fer.
We have shown that magnetic particles can serve
as microwave nanocavities able to squeeze the os-
cillating magnetic fields of wavelength λ to mode
volumes deeply below λ3. A single magnon of such
a cavity can strongly couple to isolated magnetic
emitters and can induce vacuum Rabi oscillations
of the emitter population. Nanomagnonic cavities
can also be used to mediate the energy and state
transfer between spatially separated magnetic emit-
ters avoiding the magnon losses by dispersive cou-
pling of the emitters. The strength of the single
magnon-spin coupling could be further increased by
optimizing the geometry of magnonic cavities be-
yond the spherical shape. For example, magnetic
fields could be strongly enhanced in nanometric gaps
between isolated magnetic particles [51]. Alterna-
tively, magnonic waveguides relying on propagating
magnon waves [53, 54] could be used to couple arrays
of spin-emitters and mediate exotic non-reciprocal
interactions among them due to the time-reversal
symmetry breaking induced by the external mag-
netic field leading, for instance, to unidirectional
propagation of magnon modes. Indeed, the design
of magnetic nanostructures for optimal spin-magnon
coupling and magnon-mediated spin-spin coupling
remains an open question for future studies in the
field of cavity nanomagnonics.
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